Introduction
Some years ago, we reported syntheses and structures of the first homoleptic benzyl complexes of lanthanide metals in their less stable 2+ oxidation state (1-Yb and 1-Sm, Eq. 1, Ln = lanthanide) [1] . The rather large coordination spheres of the Ln(II) centers are shielded by intramolecularly chelating Me 2 N substituents and the bulky Me 3 Si substituents in α-position. As organometallic Ln(II) complexes display a high degree of ionicity in the Ln-C bond, the silyl substituent adds significantly to the stability of such compounds. (1) The first homoleptic Sc(III) benzyl complex had been introduced at an early stage by Manzer et al. [2] (2-Sc in Eq. 2). We reported a simple procedure for the syntheses of analogous homoleptic benzyllanthanide(III) complexes (Eq. 2) [3] . These complexes, which are stabilized by an intramolecular chelating 0932-0776 / 08 / 0300-0267 $ 06.00 c 2008 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com (2) Me 2 N substituent in ortho-position, could not only be obtained for the small Y 3+ ion (ionic radius, 6-coordinate: 0.900Å [4] ) but also for the largest Ln 3+ ion La 3+ (1.032Å). As 2-Y and 2-La crystallize isomorphously, it was anticipated that the new synthetic route and crystallization procedure are valid for the whole lanthanide series [3] . It was also shown that even the less reactive yttrium complex is a potent deprotonating reagent and a convenient starting material in lanthanide chemistry.
Subsequent work of the Hessen group [5] showed that simpletris-benzyl lanthanum complexes without intramolecular chelating amino substituents (3-La in Eq. 3) are available via the same synthetic route. The lanthanum complexes crystallize as tris-THF adducts and display similar octahedral metal coordination geometries as observed for 2-Y and 2-La. Here we report new benzyl complexes of types 1 -3 and discuss trends in their crystal structures and physical data. In addition, comparisons with alkali metal and alkaline earth metal benzyl complexes are made.
Results and Discussion

Syntheses and crystal structures
The dibenzyl Eu(II) complex 1-Eu could be obtained in pure crystalline form (93 %) according to the metathesis route in Eq. 1. 1-Eu represents the first benzyleuropium(II) complex and complements the series of other known homoleptic aryl, allyl, and alkyl-europium(II) compounds: (C 6 [9] . On account of the high deprotonating power of the benzyl anion it is anticipated that this complex is a convenient precursor for the syntheses of a large variety of Eu(II) compounds.
Complex 1-Eu crystallizes as an asymmetric R/S diastereomer (Fig. 1) . The 2-Me 2 N-α-Me 3 Si-benzyl ligand coordinates to Eu as a bidentate C, N ligand with average C-Eu and N-Eu bond lengths of 2.772(3)Å and 2.779(3)Å, respectively. In contrast to the structure of 1-Yb, the somewhat larger Eu 2+ in 1-Eu also shows short contacts to the aryl ring with Eu-C bond lengths varying from 2.833(2) to 2.939(3)Å. The crystal structure of 1-Eu is isomorphous to those of 1-Sm [1] and 1-Sr [10] . The remarkably good agreement of the crystal structures (Fig. 1b) is due to very similar ionic radii for Eu 2+ (8-coordinate: 1.17Å), Sm 2+ (1.22Å) and Sr 2+ (1.18Å) [4] .
In order to prove the generality of our previously reported synthetic route to (2-Me 2 N-benzyl) 3 Ln(III) complexes (2-Ln), we prepared the following complexes in crystalline purity: 2-Nd, 2-Sm, 2-Ho, 2-Dy and 2-Yb (Eq. 2). All compounds show excellent solubility in aromatic solvents and are remarkably stable towards thermal decomposition. Toluene solutions of these homoleptic compounds can be stored at r. t. for more than four months with only negligible decompo- sition (ca. 3 % o-Me 2 N-toluene is observed). Solutions can also be heated to 75 • C with only minor decomposition (ca. 5 % o-Me 2 N-toluene was observed after heating overnight). The advantageous stability of 2-Ln complexes is likely due to the intramolecular coordination of the Me 2 N substituents.
As expected, all complexes crystallize isomorphous to 2-Y and 2-La: the crystal structures show the typical paddle-wheel geometry ( Fig. 2) with prismatic metal coordination. The threefold symmetry is broken by "up-side down" coordination of one of the bidentate benzyl ligands. The Ln-C and Ln-N bond lengths nicely correlate with the ionic radii for the Ln 3+ ions (vide infra: trends and comparisons).
The series of unstabilized tris-benzyllanthanide complexes has been extended with the synthesis and crystal structure of the yttrium(III) complex 3-Y (R = H). In addition, the new lanthanum(III) complex 3-La (R = tBu) has been prepared. The tBu substituents in the latter complex were introduced for higher solubility in apolar solvents. The solubilities in aromatic solvents and the thermal stabilities of 3-Y and 3-La are much lower than those of the Me 2 N-stabilized series 2-Ln. [10] ; b data for the K analog 2-Me 2 N-α-Me 3 Si-benzylpotassium·(THF) [10] ; c ionic radii for 8-coordinate metal ions (Å) [4] ; d average contacts to the two ring atoms: C ipso and C ortho . Fig. 2 . General structural motif for the series 2-Ln (shown here for 2-Nd). Hydrogen atoms are not shown for clarity. Geometrical parameters are given in Table 2. THF solutions gradually darken within hours already at r. t. After standing overnight, considerable quantities of toluene (or 4-tBu-toluene) can be detected. Although the exact nature of the decomposition reaction could not be established, it has been proposed that carbene type intermediates like PhCH 2 Ln=CHPh are formed by α-elimination [11] .
The crystal structures of 3-Y (R = H) and 3-La (R = tBu) could be determined (Fig. 3) . Both, the Y and the La complex, crystallize similar to the earlier reported 3-La (R = H) [5] . The distorted octahedral coordination environment with three benzyl groups in a facial arrangement is completed by three THF ligands. It is not clear why the negatively charged benzyl ligands are arranged in close proximity. It might be speculated that this preferred facial orientation can be explained by arguments similar to those used to rationalize the Hydrogen atoms are not shown for clarity except the benzylic hydrogen atoms, which were located and refined. Geometrical parameters are given in Table 3. unusual bent decametallocene structures of heavier alkaline earth and lanthanide metals [12] . Whereas the benzyl anions in 3-La (R = tBu) are partially bound in η 2 fashion, those in 3-Y (R = H) merely show η 1 metal coordination.
Trends and comparisons
Three series of benzyllanthanide complexes are described. For each of these series, structural parameters as a function of the metal are now available. This allows an evaluation of the metal effects on structure and bonding in benzylmetal chemistry.
For complexes of type 1, comparisons can be made within the lanthanide series or with analogous heavier alkaline earth metal complexes which are known to be structurally similar [1] . Table 1 summarizes structural as well as NMR spectroscopic features in the series 1-Ca, 1-Sr, 1-Yb, 1-Eu and 1-Sm. For sake of comparison, also data of alkali metal complexes based on the 2-Me 2 N-α-Me 3 Si-benzyl ligand have been included.
The M-C, M-N and M-O bond lengths increase with increasing ion size. Structural parameters for 1-Ca show close similarities to those for 1-Yb whereas the structure of 1-Sr is very similar to the lanthanide complexes 1-Sm and 1-Eu. Increase of bond lengths with ion size is not proportional: the difference of 0.553Å between the Eu-C bond and the shortest carbon metal bond, C-Li, is significantly larger than the difference of 0.32Å in the ionic radii for Li and Eu.
The larger metals Eu, Sr, Sm and K display short interactions with two carbon atoms in the ring (C ipso and C ortho ). The M··· C ring bond lengths, defined as the average values of the M-C ipso and M-C ortho contacts, are between 4.5 -6.6 % longer than the M···C α bonds. For Ca and Yb much larger contacts are observed: the M···C ring distances are 16.5 -17.8 % longer than the C α ··· metal contacts. Another obvious trend is the increase of the bite angle C α -M-N with increasing ion size. Also the effect of metal size on the delocalization of the negative charge from the benzylic carbon into the aryl ring can be observed. Two geometrical parameters are very sensitive to the extent of charge delocalization [3, 13] . First, the C α -C ipso bond length shortens on account of charge delocalization. All resonance structures, including the predominant resonance structure with a formal negative charge on the paracarbon atom (Scheme 1), display double bond character for the C a -C ipso bond. A second parameter sensitive towards charge delocalization is the endocyclic angle at C ipso . This angle is significantly squeezed with respect to an idealized sp 2 valence angle on account of charge delocalization. Analysis of these two parameters in Table 1 shows that: a) 2+ metal cations (Ca 2+ , Yb 2+ , Sr 2+ , Sm 2+ , Eu 2+ ) localize the negative charge on the benzylic carbon whereas the weaker Lewis acids (Li + and K + ) allow for significant charge delocalization and b) with respect to the larger congeners within a group, smaller cations (Ca 2+ , Yb 2+ and Li + ) give rise to extensive charge localization. These delocalization effects are also associated with the hybridization at the benzylic carbon atom. Although the determination of hydrogen positions in heavy atom X-ray diffraction structures should be taken with precaution, all benzylic hydrogen atoms have been located in the difference-Fourier maps and could be refined isotropically. This allows an evaluation of the hybridization of the benzylic carbon as a function of metal size and metal charge. The sum of the valence angles at the benzylic carbon atom (excluding angles involving the metal) is a measure for hybridization: Σ C α ≈ 328 • for sp 3 hybridization and 360 • for sp 2 hybridization. The sp 2 character at the benzylic carbon atom increases with increasing metal size and decreasing metal charge (Table 1). The potassium complex 2-Me 2 N-α-Me 3 Sibenzylpotassium·(THF) [10] displays a perfectly planar benzylic carbon atom. As 1 J(C-H) NMR coupling constants are highly sensitive to hybridization effects, we also measured coupled 13 C NMR spectra for the diamagnetic complexes. The 1 J(C α -H) coupling constants increase with the extent of s character in the C-H bond, i. e. with increasing planarization of the benzylic carbon (Table 1) . Thus, solution structures are in agreement with the geometrical parameters observed in the solid state structures. The chemical shifts of the para-carbon and para-hydrogen atoms are additional NMR probes for the evaluation of charge delocalization. An increased negative charge on the paracarbon atom generally results in a high-field shift of its NMR signals [13] . Decrease of chemical shift values with increasing extent of charge delocalization is indeed observed. Especially the potassium complex shows very small chemical shifts for the para-H and C atoms. Table 2 summarizes selected geometrical parameters for tris-(2-Me 2 N-benzyl)lanthanide complexes (2-Ln). The Ln-C α and Ln-N bonds increase linearly with increasing ion size (Fig. 4) . The difference of 0.226(3)Å between the longest (Ln = La) and shortest (Ln = Yb) Ln-C α bond is somewhat larger than the difference of 0.164Å in ionic radii of La and Yb. On the other hand, the difference of 0.150(3)Å between longest and shortest Ln-N bonds agrees well with the difference of 0.164Å in ionic radii. The more distinct increase of Ln-C bond lengths with ion size is due to a more pronounced multihapto bonding for the larger lanthanide metals. Table 2 shows that the La··· C ring distance in 2-La, defined as the average value of La··· C ipso and La···C ortho , is only 9.4 % longer than the La-C α bond, whereas this difference increases to a value of 17.1 % for 2-Yb.
Another trend in the series is the observed increase in the C,N bite angle in going from the larger to the smaller metals. The two parameters associated with delocalization of negative charge from the benzylic Table 3 . Selected bond lengths (Å) and angles (deg) for benzyllanthanide(III) complexes of type 3-Ln.
3-Ln
3-Y 3-La 3-La 3-La (R = H) (R = tBu) (R = H) [5] (R = Me) [ carbon C α into the ring (the bond length C α -C ipso and the endocyclic angle at C ipso ) do not vary significantly along the series. However, comparison of these values for the largest metal ion (La 3+ ) with those for the smallest metal ion (Yb 3+ ) indeed confirms a slight decrease in charge delocalization with decreasing ion size. The benzylic hydrogen atoms could only be located in some of the crystal structures. Therefore, trends in the hybridization of the benzylic carbon atoms are not evaluated. As most Ln 3+ ions are paramagnetic, only NMR data for 2-La and 2-Y have been obtained [3] . The 1 J C−H value for C α in 2-La (142.8 Hz) is significantly larger than that in 3-Y (133.2 Hz). This confirms the less extensive charge delocalization (and concomitant pyramidalization of the benzylic carbon) in the latter complex. Table 3 summarizes selected geometrical data for benzyllanthanide complexes of type 3-Ln. The Ln-C and Ln-O bond lengths for the three La complexes compare well and are hardly influenced by alkyl substitution in para-position. Comparison of these bond lengths with those in 3-Y (R = H) show that bonds to La are in general excessively long. Whereas the difference in ionic radii between La 3+ and Y 3+ is 0.132Å, La-C and La-O bonds are on average 0.174(2)Å and 0.268Å longer, respectively. This we attribute to more extensive Ln···C ipso interaction for the larger La atom. As can be deduced from a comparison of the C α -C ipso bond lengths, substituents in para-position hardly influence the extent of charge delocalization in the aryl ring. According to expectation, less extensive charge delocalization is observed in 3-Y. This corresponds to the more pyramidalized C α atom in 3-Y.
Conclusion
Benzyl complexes of the lanthanide metals have been routinely prepared by a simple protocol: the metathesis reaction of benzylpotassium precursors with the appropriate lanthanide halide. All benzyllanthanide complexes are powerful deprotonating agents and are therefore useful and easily accessible key precursors in Ln(II) as well as Ln(III) chemistry. Especially the robust, well-soluble complexes of type 2-Ln are expected to become standard reagents in lanthanide chemistry. They are available for the whole lanthanide series (from the small Sc to the much larger La). Except for the Sc complex, for which hitherto no crystal structure is available, they all crystallize isomorphously and can be easily obtained in pure crystalline form.
The crystal structure of the benzylytterbium(II) complex 1-Yb shows a striking similarity to that of the analogous calcium compound 1-Ca. The Ln(II) complexes 1-Eu and 1-Sm are very similar to 1-Sr. The structures show that charge delocalization into the aryl ring and Ln··· C ring interactions increase with increasing metal size. Concomitant hybridization effects are observed at the benzylic carbon atoms. Similar trends are noticeable for the Ln(III) complexes of type 2-Ln and 3-Ln.
Experimental Section
All manipulations were performed under a dry and oxygen-free atmosphere (argon or nitrogen) by using freshly dried solvents and Schlenk line and glove box techniques. The reactants 2-Me 2 N-α-Me 3 Si-benzylpotassium [10] , 2-Me 2 N-benzylpotassium [14] , 4-tBu-benzylpotassium [15] , EuI 2 ·(THF) 2 [16] , YCl 3 ·(THF) 3.5 [17] and LaBr 3 ·(THF) 3.1 [18] were prepared according to literature procedures.
1-Eu
A mixture of 2-Me 2 N-α-Me 3 Si-benzylpotassium (1.00 g, 4.07 mmol) and EuI 2 ·(THF) 2 (1.10 g, 2.00 mmol) in 20 mL of THF was stirred in a glovebox for 40 h. After removing the solvent under high vacuum, the product was extracted with two 20 mL portions of benzene. Removing all solvents under vacuum gave an orange-red foam which was dissolved in a mixture of 15 mL of hexane and 8 mL of THF by heating to reflux temperature. Slow cooling of the orange solution to +4 • C gave well-formed orange needles of the paramagnetic product 1-Eu with one equivalent of uncoordinated THF in the crystal lattice. After isolation of the crystals the mother liquor was concentrated and cooled again. The combined fractions gave a yield of 1 
2-Yb
2-Sm
Same procedure as described for 2-Yb, but with 
2-Nd
2-Dy
Same procedure as described for 2-Yb but with DyCl 3 instead of YbCl 3 . The product crystallized in the form of yellow blocks. Yield: 38 % -M. p. 154 • C (decomp.) -C 27 H 36 N 3 Dy (565.09): calcd. C 57.39, H 6.42; found C 57.05, H 6.59.
2-Ho
Same procedure as described for 2-Yb but with HoI 3 instead of YbCl 3 . The product crystallized in the form of orange blocks. Yield: 38 % -M. p. 156 • C (decomp.) -C 27 H 36 N 3 Ho (567.53): calcd. C 57.14, H 6.39; found C 56.79, H 6.29. Table 4 . Crystal structure data for 1-Eu, 2-Nd, 2-Sm, 2-Dy, 2-Ho, 2-Yb, 3-Y (R = H) and 3-La (R = tBu). 
3-Y (R = H)
A cold dark-red solution (−50 • C) of benzylpotassium (0.90 g, 6.91 mmol) in 20 mL of THF was added to YCl 3 ·(THF) 3.5 (1.12 g, 4.01 mmol). An immediate color change to yellow-orange was observed, and a grey precipitate formed. After stirring for 30 min the mixture was concentrated to 50 % of its original volume, and 10 mL of hexane was added. The yellow-white precipitate was isolated, and the product was extracted from this solid with two 20 mL portions of a THF/hexane mixture (1/1). The combined extracts were concentrated under high vacuum to 25 % of their original volume, and the solution was slowly cooled to −30 • C. The product was isolated in the form of lightyellow crystals (0. 
Crystal structure determinations
The structures were solved by Direct Methods (SHELXS-97) [19] and refined with SHELXL-97 [20] . All geometry calculations and graphics were performed with PLATON [21] . Crystal data are summarized in Table 4 .
CCDC 665306 (2-Yb), 665307 (2-Sm), 671057 (3-La), 671058 (3-Y), 671059 (2-Dy), 671060 (2-Ho), 671061 (2-Nd), 671062 (1-Eu) contain the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via http://www.ccdc.cam.ac.uk/data request/cif.
